A chicken genomic library was screened to obtain genomic clones for ubiquitin genes. Two genes that differ in their genomic location and organization were identified. One gene, designated Ub I, contains four copies of the protein-coding sequence arranged in tandem, while the second gene, Ub II, contains three. The origin of the two major mRNAs that are induced after heat shock in chicken embryo fibroblasts was determined by generating DNA probes from the 5'-and 3'-noncoding regions of the two genes. Both mRNAs are transcribed from Ub I, the larger being the unspliced precursor of the smaUler. A 674-base-pair intron was located within the 5'-noncoding region of Ub I. The second gene, Ub II, does not appear to code for an RNA species in normal or heat-shocked chicken embryo fibroblasts. The expression of ubiquitin mRNA during heat shock and recovery was examined. Addition of actinomycin D before heat shock completely abolished the response of ubiquitin mRNA to the stress. Analysis of the stability of the mRNA during recovery revealed that the mRNA accumulated during the heat shock is rapidly degraded with a half-life of -1.5 h, suggesting a specialized but transient role for ubiquitin during heat shock.
>80%o homologous to human HSP70 (18) . The universality of the heat shock response has been known for almost 10 years (39), yet we know very little about the function of these major HSPs and how they enhance survival of the stressed cell. Very recently, synthesis of another universal protein was shown to be regulated by the heat shock response. This protein is ubiquitin, and steady-state levels of its mRNA increase fivefold when chicken embryo fibroblasts (CEF) are exposed to a 5°C temperature shift (5) .
Ubiquitin is a low-molecular-weight protein (8, 000) . It is probably the most highly conserved protein in nature, with complete amino acid homology between insects and humans (13) . Recently, the genes for ubiquitin have been cloned from a variety of species, and in each case the protein appears to be synthesized as a polyprotein consisting of tandem repeats of the protein-coding sequence (5, 10, 19, 25, 33, 47) . The number of repeats varies from species to species; Drosophila and Xenopus species appear to contain as many as 15 , while yeasts contain 6. Ubiquitin is normally found in the cell covalently associated with histones H2A and H2B and also with various cellular proteins (3, 14, 46) . The conjugation of ubiquitin to cellular proteins is an ATP-dependent process. Once conjugated, these proteins, with the exception of the conjugated histones, are tagged for proteolytic degradation (8) . The ubiquitinated histones are recycled unchanged by the action of a lyase that acts on the acyl linkage between the terminal glycine of ubiquitin and the e-NH2 group of a lysine residue on the histone molecule (1, 2) . Histone ubiquitination varies with the cell growth cycle; during mitosis none of the histones contain ubiquitin (26) . The level of conjugation of ubiquitin to susceptible proteins increases 10-fold when cells produce abnormal proteins, suggesting a role for ubiquitin in the degradation of abnormal proteins in the cell (17) . It is in this capacity that ubiquitin may function in the heat shock response since even small increases in temperature could affect folding and maturation of newly formed proteins. Most recently, ubiquitin has been shown to be covalently associated with the cell surface-associated lymphocyte homing receptor (40, 43) , suggesting a possible new role for this multifaceted protein.
To understand more about the role of ubiquitin in the stress response, we examined the structure and genomic organization of ubiquitin in the chicken genome. From a screening of a chicken genomic library we found two ubiquitin genes (Ub I and Ub II) that differ in both their structure and location in the chicken genome. We present here an analysis of the mRNA transcripts coded by one of these genes and show that ubiquitin mRNA is unstable and is rapidly degraded in heat-shocked cells.
MATERIALS AND METHODS
Materials. Restriction Fig. 3 were generated by restriction endonuclease digestion. After removal of the 5' phosphate with calf intestinal alkaline phosphatase, the DNA was labeled at the 5' termini with [_y-32P]ATP by using the enzyme T4 polynucleotide kinase. Subsequent digestion with a second restriction endonuclease generated fragments labeled on one strand only. All these reactions were performed according to the conditions of the suppliers. The fragments were purified with NENSORB-20 columns after electrophoresis through 4% acrylamide gels and chemically sequenced by the method of Maxam and Gilbert (27) . The internal repeats of Ub I were sequenced by primer extension with reverse transcriptase and dideoxyribonucleotides as previously described (37, 45) . The oligonucleotide primers used in the primer extension reactions were prepared from known sequences of the first and third repeats (bases 783 to 803 and 1274 to 1295, respectively). DNA sequencing gels were prepared as described by Sanger and Coulson (36) .
Primer extension analysis. A 21-base oligonucleotide complementary to bases 721 through 742 in the first repeat of Ub I (see Results) was prepared. This oligonucleotide was labeled at the 5' end with [_y-32PIATP and T4 polynucleotide kinase. The labeled fragment was separated on a 20% denaturing acrylamide gel, and the 21-base oligomer was excised from the gel. The latter step was performed to ensure that only one oligonucleotide species was present for the subsequent reactions. The excised fragment was purified with a NENSORB-20 column. The 21-mer was annealed to 10 ,ug of poly(A)+ RNA isolated from 3-h heat-shocked cells (45°C) by heating at 100°C for 3 min in the presence of 0.25 M KCl and allowing the solution to cool to 30°C. Deoxyribonucleotides were added to a final concentration of 1 mM, and reverse transcription was carried out at 42°C for 1 h in a buffer containing 50 mM Tris hydrochloride (pH 8.3), 6 mM magnesium acetate, 10 mM dithiothreitol, 6 mM NaCl, and 28 U of reverse transcriptase. The sample was lyophilized and redissolved in 99% formamide and separated on a 15% denaturing acrylamide gel. The primer-extended product was excised from the gel and purified as described above. This fragment was chemically sequenced under conditions described previously for the sequencing of short oligonucleotides (K. Rushlow, Focus [Bethesda Research Laboratories Newsletter] 5:2, 1983).
RESULTS
Isolation of genomic sequences coding for ubiquitin. Approximately three genome equivalents of a chicken genomic library were screened with a ubiquitin cDNA clone that contained two full copies of the protein-coding sequences and 150 base pairs (bp) of 3' untranslated sequences. After three successive rounds of screening, 12 positive plaques were obtained. Partial restriction mapping of the phage clones indicated the presence of two distinct groups with different restriction maps, designated here as Ub I and Ub II (Fig. 1 ). The location of ubiquitin-coding sequences within the phage clones was determined by probing restriction enzyme digests of the phage DNA with the ubiquitin cDNA UBI UBII bp bp clone 7 ( Fig. 1 ). This illustrated that the protein-coding repeats were restricted to one region of the phage clone rather than existing as independent units separated by noncoding DNA. The presence of at least two ubiquitin genes at separate locations was confirmed by probing Southern blots of restriction endonuclease-digested chicken genomic DNA with representatives of the two phage groups. While some common restriction fragments were observed, the overall restriction pattern in the chicken genome differed for the two groups (data not shown).
Evidence from the original cDNA clone coding for chicken ubiquitin indicated that the mRNA consisted of multiple copies of the protein-coding sequences arranged in tandem with no intervening stop codons between the repeats. This novel arrangement of the ubiquitin gene has been observed in every species so far examined. Our cDNA did not contain a complete copy of the mRNA, thus it was not possible to determine the number of protein-coding repeats in the chicken gene. However, the isolation of the genomic sequences for two ubiquitin genes permitted us to do this. The ubiquitin sequences contained within the two phage groups were subcloned into the vector pUC12 with a variety of enzymatic digests to obtain both coding and flanking sequences for the two genes. The subcloned ubiquitin sequences were partially digested with the enzyme BglII, which cuts at bp 6 of each repeat in the cDNA clone, and separated on a 2.5% agarose gel. After transfer to a nitrocellulose membrane, the DNA was probed with a 228-bp fragment from the ubiquitin cDNA which contained the entire protein-coding sequences for ubiquitin. Since BglII cuts within the repeat (5) the final repeat is not released and remains associated with the rest of the gene sequences and the vector. The autoradiograph shown in Fig. 2 Mapping of mRNA transcripts of Ub I and Ub II. On the basis of the number of repeats in each gene, we were able to derive a restriction map of the ubiquitin genes and the proximal flanking DNA (Fig. 3) (Fig. 3) and used for Northern hybridization analysis of mRNA from heat-shocked and normal cells. Neither the 5'-nor the 3'-flanking sequences of Ub II (fragments 5 and 6) hybridized to an RNA species. Fragments from Ub I hybridized to both mRNA species. The immediate 5'-flanking sequences (fragment 1) hybridized to the larger mRNA, while fragment 2 hybridized to both (Fig. 4) Fig. 5A . The sequences present in the primer-extended product confirm the model proposed above. The transcription start site is noted as 1 in Fig. 5A . The mRNA starts 717 bp upstream from the start of translation and continues for 57 bases to a splice donor site. A 654-bp intron follows, and the splice acceptor site is located 6 bp upstream of the first AUG. The absence of hybridization of fragment 1 (Fig. 4 and 5B) to the major mRNA is explained by the fact that only 10 bases of the mRNA are contained within this fragment. A putative TATA box is located at position -30 relative to the start of transcription, and two overlapping heat shock promoter consensus sequences are found at -369 and -359. These sequences are 100 and 70%, respectively, homologous to the Pelham box sequences originally found upstream of all the Drosophila heat shock genes (34) . A schematic representation of the mRNA coding sequences in relation to the genomic sequences is shown in Fig. 5B The stability of th 3-h heat shock was only during recove cells, the half-life of result of the heat sh both actin and H' turnover of the ub shock is in marke * 0 actin mRNA levels. Table 1 shows that ubiquitin mRNA is present at day 3 of development (the earliest time point taken) and that the levels did not vary significantly throughout the course of development in the three tissues examined. The levels of ubiquitin mRNA were twofold higher in brain samples than in either liver or kidney (data not shown).
These data are not reflected in Table 1 (32) . The amounts of start of translation. The position of this intron closely ted by liquid scintillation counting. In the resembles the location of the intron in Drosophila hsp83 ycin D, the levels of HSP70 and ubiquitin gene, which is the only other major heat shock gene known y 10-and 2.5-fold, respectively, over a to contain an intron (16) . One of the cellular processes that is W50C cells and remained constant (+ 10%) inhibited during heat shock is the splicing of introns from HIowever, the levels of both mRNAs in precursor RNA molecules, and this can account for the ,tinomycin D remained constant (+ 10%) appearance of the unspliced precursor molecules after heat temperatures.
shock (48) . However, at the levels of heat shock used in our ie mRNA during recovery of cells from a studies significant amounts of splicing still occur, and the also measured by adding actinomycin D levels of the processed form of the mRNA increase greatly ry at 37°C (Fig. 6 ). During recovery of after heat shock. f the ubiquitin mRNA that increased as a A striking difference between the two genes was found in lock was estimated to be 1.5 to 2 h, while the 5'-and 3'-noncoding regions of both genes. The degree of SP70 mRNAs were stable. The rapid homology dropped sharply from 93% within the coding iiquitin mRNA synthesized during heat region to less than 20o in the flanking noncoding regions. A d contrast to the stable levels of the similiar drop in homology has been observed between two constitutively expressed form of this mRNA noted above. The results with HSP70 are consistent with our previous data which showed that the capacity to make HSP70 remained relatively stable when heat-shocked cells were allowed to recover at 37°C in the presence of actinomycin D (38) .
Other stresses besides heat can induce HSPs (see reference 31), and we have found that 50 ,uM arsenite added to cells for 1 h will increase ubiquitin mRNA about fivefold (data not shown). The unspliced precursor of ubiquitin mRNA also accumulates under these conditions. HSPs also appear during embryonic development (4, 41, 49) , and we wished to determine whether the levels of ubiquitin mRNA varied during development of the chicken. At various stages in the development of the chicken embryo, RNA was extracted from brain, liver, and kidney. Duplicate filters containing immobilized RNA were hybridized to a nicktranslated ubiquitin cDNA and to an actin cDNA (28) , and the levels of mRNA were quantitated by liquid scintillation counting. The data are expressed as a ratio of ubiquitin to (47). This evidence would suggest that the duplication even leading to the two ubiquitin genes in chicken DNA occurred early in the evolution of these genes and that a strong selection pressure operates to maintain the conservation of the amino acid sequence of ubiquitin.
Other evidence for a strong selection pressure is found in the structure and sequence of ubiquitin genes examined in other species. The structure and sequence of ubiquitin genes from yeasts (33) , chickens (5), Xenopus laevis (10), Drosophila species (5, 19) , and humans (25, 47) are known. In each case a unique organization of protein-coding repeats is arranged in a head-to-tail manner without termination codons between the repeats. The deduced amino acid sequence is completely identical between Drosophila species and humans, and the yeast sequence differs by only three amino acid residues.
Although the general structure of the ubiquitin genes has been conserved, there are species differences in the number of repeats, the number of genes per genome, and the nature of the final amino acid residue in the last repeat of the polyprotein. The number of repeats at a single locus varies: 4 in chickens, 6 in yeasts, 9 in humans, >12 in X. laevis, and >15 in Drosophila species. There is also evidence for genetic loci coding for monoubiquitin (47) . In humans, two independent genomic clones have been isolated which contain only one ubiquitin sequence, although one of these appears to be a pseudogene with a deletion near the 3' end of the coding region. Lund et al. (25) have also reported the sequence of a human liver cDNA clone which codes for a single ubiquitin sequence attached to an 80-amino acid carboxy-terminal open reading frame. Interestingly, this sequence is identical to that reported as an untranslated region of a human monoubiquitin described above except that it lacks one base immediately after the last glycine of the coding region. Similar fusion proteins of monoubiquitin C-terminally fused to short proteins of unrelated sequences have also been identified in yeasts (D. Finley, and A. Varshavsky, personal communication). While many variations in the gene structure have evolved, the final product of a monomeric u'iquitin is rigorously conserved.
Obviously, the highly conserved nature of the ubiquitin protein signifies a specialized, indispensible function for the protein. Its role in the ATP-dependent proteolytic degradation pathway has been well documented (reviewed by A. Hershko and A. Ciechanover, Prog. Nucleic Acids Res. Mol. Biol., in press). Ubiquitin becomes covalently associated via its terminal glycine residue to c-NH2 and a-NH2 groups of specific target proteins. Once tagged these proteins are degraded. In an alternative pathway, proteins such as histones H2A and H2B are modified by the addition of ubiquitin and not degraded (1, 2) . The ubiquitination of histones has been postulated to be involved in nuclear functions such as gene activation (23) and chromatin condensation (26) . Most recently, ubiquitin has been detected in the cell surface membrane-associated receptor for lymphocyte homing (40, 43) . At this time there is little evidence to link these disparate cell functions except to say that ubiquitin acts as a modifier of protein structure and presumably function.
We are particularly interested in the role of ubiquitin in the heat shock response. The relationship between heat shock and the ubiquitin-mediated proteolytic degradation pathway was first suggested from studies of the ts85 mouse cell line (7, 11) . If these cells were grown at nonpermissive temperatures, the conjugation of ubiquitin to target proteins was prevented. Under these same conditions induction of a protein of molecular weight 70,000 was observed, and this was identified as HSP70. The failure of ubiquitin to conjugate to proteins led to a buildup of abnormal proteins, and the authors suggested that the HSPs serve to counteract protein aggregation through interaction with these abnormal proteins. Subsequently it was observed that the steady-state levels of ubiquitin were increased fivefold upon heat shock in CEF cells (5) , thus providing further evidence for the link between ubiquitin and the heat shock response.
Since the initial report the authenticity of ubiquitin as a heat shock protein, as opposed to a simple serendipitous connection, has been confirmed as the gene meets the three important criteria to warrant this definition. First, the levels of mRNA increase as a result of other forms of stress such as administration of sodium arsenite. Second, the response is similiar in a variety of species: increased levels of ubiquitin mRNA after heat shock have been observed in intact mice and gerbils (U. Bond, T. Nowak, and M. Schlesinger, unpublished observations) and in yeasts (12) . Third, heat shock promoter consensus sequences have been found upstream of both the chicken Ub I and the yeast polyubiquitin genes (12) . The position of the Ub I promoter at -369 to -359 in the chicken genome may account for the low levels of induction of ubiquitin relative to the other stress genes. The evidence provided in this report suggests that the mRNAs expressed under normal and heat shock conditions are encoded by the same gene and that changes in their regulation at the level of transcription and posttranscription lead to a significant but brief enhancement of ubiquitin after heat shock. The rapid turnover of ubiquitin mRNA levels during recovery from heat shock suggests a transient, specialized role for ubiquitin during heat shock. The turnover of the mRNA may also reflect an autoregulatory control mechanism.
Recently, it has been suggested that changes in the cellular pools of ubiquitin may, in fact, be the trigger for the initiation of the heat shock response (29) . In this scheme a preexisting heat shock transcription factor will normally be inactive by virtue of the fact that it is ubiquitinated and rapidly degraded. Upon stress, ubiquitin pools are redistributed to abnormal proteins resulting from the stress, leading to a transient inability to maintain the transcription factor in a ubiquitin conjugate. This stabilizes the heat shock transcription factor, allowing its binding to the promoter and induction of the heat shock genes. We looked for changes in ubiquitination of cellular proteins after heat shock of CEF cells but failed to detect a significant change in the overall pattern of ubiquitination after heating cells. We did, however, find one protein of -22 kilodaltons that was deubiquitinated almost immediately after stress and during restress. Preliminary results indicate that the CEF 22- kilodalton protein is located in the nucleus of the cell. We are presently attempting to identify this protein. The study of these more subtle changes in protein ubiquitination may elucidate the roles of ubiquitin in heat shock.
